We demonstrate efficient generation of a Raman-type optical-frequency-comb by employing adiabatic-Raman-excitation in an enhancement cavity. A broad frequency-comb spanning over 130-THz is realized with an excitation-power reduction exceeding three-orders of magnitude compared with a single-pass-configuration.
Introduction
A method that drives a nonlinear optical process in a cavity has been employed as a key technique for overcoming the weak field power that prevents the realization of an efficient nonlinear optical process. This method was first demonstrated 40 years ago. It realized the second harmonic generation of continuous wave (cw) He-Ne laser radiation. In the 1980's, the technique of frequency locking to a cavity was introduced, and thus single-frequency second harmonic generation was achieved. A recent significant study would be the generation of a high-harmonic comb in the vacuum ultraviolet region that was realized by confining a femtosecond mode-locked laser in a high finesse cavity [1, 2] . Here, we demonstrate adiabatic generation [3] of frequency comb (Raman comb) by placing a Raman medium in an enhancement cavity and confining nanosecond pulses in it. Figure 1 illustrates the conceptual schematic of this study. A pair of single frequency nanosecond pulses was produced from a single laser resonator [4] . We stably confined these nanosecond pulses in an enhancement cavity [5] . The cavity length, FSR, and finesse of the enhancement cavity were 75.00 mm, 2.00 GHz, and ~ 250, respectively. The enhancement cavity was installed in a sample cell that was fulfilled with pure parahydrogen (> 99.9%). The temperature and the density of parahydrogen was set at 77K (the optimal temperature for the adiabatic Raman process: 50 -100 K). and controlled in a range of (2.9 ~ 0.48) × 10 20 cm -3 , respectively. The Raman comb was generated by adiabatically driving the pure rotational transition (v = 0, J = 2 ← v = 0, J = 0: 10.62380 THz) in the enhancement cavity. Here, the wavelengths of the two driving-lasers, Ω 0 , Ω -1 , were set to 382.4216 THz (783.9319 nm) and 371.7991 THz (806.3292 nm), respectively, slightly detuned on the positive side by 80 MHz from the Raman-resonance to satisfy the optimum adiabatic condition [2, 6] . This two-photon detuning was almost accordance with the optimum value, 120 MHz, found in a single-pass configuration.
Experimental
Fourteen single-frequency components that spread over a broad spectrum range of 656 -941 nm (Ω +7 : 656.32 nm, 456.78 THz -Ω -6 : 940.73 nm, 318.69 THz) are clearly seen. All the frequency-components have an equidistant frequency spacing that is near resonant to the molecular Raman transition. This is such as a 'Raman-type optical frequency comb'. Although a very broad spectrum was produced, the peak power of each of the excitation lasers was as low as 0.27 kW (energy: 6.8 μJ, duration: 25 ns). This is three orders of magnitude less than a typical case of a single-pass configuration [6, 7] . The dotted curve in Fig. 2 represents the finesse of the employed enhancement cavity. The nearly flat intensity distribution of the generated sidebands well reflects a behavior similar to the spectral dependence of the finesse. This manifests a typical aspect that the confinement in the enhancement cavity dominates the sideband generation process. The lower panel in Fig. 2 shows typical beam profiles of the generated Raman sidebands (two-photon detuning: 180 MHz). These were measured by a charge-coupled-device based beam profiler. We see that all the sideband components have round, high quality beam profiles reflecting the fundamental transverse mode (TEM 00 ) of the enhancement cavity.
